Introduction
Antiviral drugs have a long and extensive history in the treatment and prevention of influenza disease. 1 While their effectiveness has been debated, the need for influenza antiviral drugs was clearly demonstrated during the recent 2009 H1N1 pandemic when vaccines were not available for initial waves of the outbreak. 2 Two classes of anti-influenza drugs, the M2 and the neuraminidase (NA) inhibitors, are currently approved in many countries and are the only approved influenza antiviral drugs in the United States. 1 Despite the availability of these drugs, new antivirals are needed to address emerging virus resistance and gaps in treatment options associated with current therapies.
One of the primary issues for existing influenza antivirals is the constant threat of the emergence of viruses resistant to the limited number of approved drugs. The M2 inhibitors are currently not recommended for use because almost all circulating seasonal A viruses, including H1N1pdm09, carry a S31N point mutation in the M2 gene that makes such influenza viruses resistant to both amantadine and rimantadine. [3] [4] [5] [6] This has resulted in a heavy reliance on the NA inhibitors, licensed oseltamivir (Tamiflu Ò ) and zanamivir (Relenza Ò ). However, there are well-characterized point mutations in the NA gene that are associated with reduced susceptibility to this class of drug. A single H275Y change in the NA of the seasonal H1N1 strain circulating from 2007 to 2009 was associated with reduced susceptibility to oseltamivir, and there have been recent reports of the equivalent H275Y mutation in H1N1pdm09 viruses. [7] [8] [9] Because H1N1 viruses with the H275Y marker have now been isolated from patients with no known exposure to NA inhibitors, there is concern that circulating influenza viruses with this characteristic will increase in prevalence, further reducing treatment options to drugs which retain activity against these mutant strains. The lack of drug options with different mechanisms of action that could be used alone or in combination has magnified the risk of widespread antiviral resistance developing to the limited treatment options currently available.
Another issue with the NA inhibitors currently approved in the United States is that they are only FDA-approved for uncomplicated influenza infections. While these drugs are routinely used off-label for complicated infections, they are not approved for use in severely ill, hospitalized patients even though numerous observational studies have shown improved outcomes including reduced mortality with the use of NA inhibitors. [10] [11] [12] [13] [14] [15] [16] In addition, no formulation for intravenous (IV) delivery of NA inhibitors has been approved in the United States which limits treatment options for patients on ventilators. However, IV-delivered peramivir was used in the United States during the 2009 H1N1 pandemic under a federal Emergency Use Authorization (EUA) 17 , and IV formulations of zanamivir and oseltamivir were used on an eIND ⁄ compassionate basis. Pediatric patients are another population that can experience severe influenza disease yet remains underserved by the limited antiviral treatment options.
Based on the issues listed earlier, additional antiviral drugs with novel mechanisms of action are clearly needed for the treatment of influenza. Fortunately, the influenza virus life cycle provides a number of targets for antiviral intervention. Virus targets that are being explored include virus attachment, virus ⁄ cell membrane fusion and virus RNA replication. 1 In addition, influenza's utilization of host cell proteins for virus replication and its need to suppress the host's innate immunity provide opportunities to inhibit virus replication by targeting host functions associated with the virus replication cycle. 18, 19 Influenza antiviral landscape
The landscape of drugs in early and advanced development in the United States for treatment of influenza has changed dramatically in the past 5 years (Figure 1 ). In 2006, two M2 inhibitors (amantadine and rimantadine) and two NA inhibitors (oseltamivir and zanamivir) were licensed in the United States for treatment of influenza infections ( Figure 1A ). In addition, an IV-administered NA inhibitor (peramivir) was in phase I clinical development 20 , and a virus polymerase inhibitor (T-705) was in preclinical development in the United States 21 The paucity of new antivirals under development in the United States at that time clearly highlights our reliance on a limited number of therapeutic classes for treatment of influenza and the risk of losing those options due to development of antiviral resistance, as has been clearly observed in recent history. 4, 5 In contrast, the influenza antiviral landscape in the United States looks very different in 2011 ( Figure 1B) . Phase III clinical programs are ongoing for IV formulations of three different NA inhibitors, potentially supporting the currently unmet medical need to treat severely ill, hospitalized patients. In addition, T-705 (favipiravir) has progressed to phase II clinical trials and a novel long-lasting NA inhibitor (laninamivir) is entering phase II studies in the United States. 22 Furthermore, peramivir and laninamivir have been licensed in Japan and an NDA has been filed for favipiravir. Figure 1B also illustrates the plethora of new influenza antivirals with novel mechanisms of action in earlier stages of development in the United States These include therapeutics targeting viral proteins and others inhibiting virus replication by targeting host factors. Table 1 highlights some of these antivirals to illustrate the breadth of molecules and targets currently under development for treating influenza 23 and virus entry ⁄ fusion (CR6261 and flufirvitide-3). 24, 25 Two examples of drugs in Table 1 affecting host factors illustrate different modes of inhibiting virus replication. EV-077 indirectly inhibits virus replication by inhibiting the increase of prostanoids associated with influenza virus infection. 26 Increased prostanoids impair the host's innate immune response, thus increasing virus replication. In contrast, nitazoxanide is believed to be an immunomodulatory agent directly stimulating the host's innate immune response. 27 Compounds targeting host factors also offer the potential for broad-spectrum antiviral activity. For instance, nitazoxanide which is currently licensed for the treatment of cryptosporidium or Giardia diarrhea, has been reported to inhibit adenovirus, coronavirus, respiratory syncytial virus and parainfluenza virus in cell culture assays. 20 
Future perspectives in influenza antiviral drug development
One irrefutable prediction is that development of virus resistance to antiviral drugs will continue to drive the need for new influenza antivirals. The appearance of the H275Y NA mutation in seasonal H1N1 was a dramatic illustration of such vulnerability. 9 This rapid rise in resistance to oseltamivir, associated with the H275Y change in the NA, seemed to occur in the absence of significant drug pressure, indicating greater transmission fitness of the variant. While the equivalent H275Y change in the NA of the H1N1pdm09 virus has not yet become prominent among currently circulating strains of influenza, there are indications of increased resistance, with some US states reporting >5% resistance during the 2010 ⁄ 2011 season. Importantly, an increasing percentage of resistant isolates have not been associated with NA inhibitor treatment. 28, 29 The appearance and increased prevalence of H275Y variants clearly demonstrates the potential for naturally occurring influenza viruses to become resistant to NA inhibitors. Therefore, the population as a whole cannot rely on newly circulating strains of influenza always being sensitive to oseltamivir or zanamivir.
Despite the medical need, market (profit) potential of influenza antivirals has limited interest in this area of drug development. Outside of Japan, the influenza antiviral market has been sporadic and unpredictable. Sales during most influenza seasons have been low, especially compared with other pharmaceutical products, whereas sales during the 2009 H1N1 pandemic increased dramatically and challenged production capacity. Challenges to more widespread use of influenza antivirals include the need to treat within 48 hours of symptom development and point-of-care diagnostic assays with high false-negative levels. These issues may act as a deterrent in physicians' prescribing practices.
Challenges in designing and conducting clinical trials also confound influenza antiviral drug development. As there are no accepted surrogate endpoints, efficacy is typically based on time to resolution of symptoms. 30 However, the number and severity of symptoms will vary on enrollment, thus often requiring large trial sizes to achieve statistically significant data on efficacy. The type of population targeted for the clinical trial can also dramatically affect enrollment. Clinical studies of uncomplicated influenza in outpatient populations can usually enroll large numbers of subjects relatively easily and can evaluate a new drug in a placebo-controlled study. However, the self-limiting nature of influenza disease in this population restricts the drug's potential antiviral effect. In contrast, clinical studies in severely ill, hospitalized patients are difficult to enroll, results can be complicated by co-morbidities and placebocontrolled studies are ethically unacceptable. 30 Despite challenges associated with the development of new influenza antiviral drugs, clearly unmet medical needs, rapid emergence of virus resistance to the limited drugs available, US government funding for advanced development of additional drugs and the 2009 H1N1 pandemic appear to have revitalized the field of influenza antiviral drug development. The US Department of Health and Human Services Biomedical Advanced Research and Development Authority has devoted over 450 million dollars to date to the advanced development of new antivirals to address unmet medical needs for treatment of severely ill, hospitalized patients and for long-lasting therapeutics. 31, 32 In addition, numerous novel therapeutic molecules with unique mechanisms of action are now in various stages of drug development. Successful development of these drugs to final regulatory approval will serve to broaden the arsenal for treating all age groups and special populations as well as to mitigate the risk of emerging resistance against any one antiviral therapy. In addition, it is important to evaluate the effectiveness of using influenza drugs in combination, a strategy successfully demonstrated with HIV antivirals for increasing efficacy and reducing development of resistance. Antiviral drugs targeting host factors may also offer advantages by reducing opportunities for the virus to develop resistance. In addition, drugs targeting host factors may offer broad-spectrum antiviral potential that could permit treatment of respiratory infections without first identifying the causative virus. In conclusion, the influenza antiviral development pipeline appears robust. These are encouraging times for influenza virologists and infectious disease clinicians.
